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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 
1.1 INTRODUCTION 
Structural health monitoring (SHM) has become a primary method for identifying internal crack 
or damage in structures at present time. The necessity for monitoring a structure in real time for 
damage detection is to reduce risk of human lives and decrease repair cost. Currently people are 
occupying different kind of mediums for travelling to different parts of the world. Air travel is the 
most convenient option for us to cover long distances in shortest amount of time. Major portion of 
structural body of aero-planes is built with composite materials. Composites are preferred over 
metals because those are light-weight, stronger and higher stiffness. 
Current research scope consists of structural health monitoring of composite structure via electrical 
impedance method. Different types of detection processes have been carried out for damage 
identification. Lamb waves have been widely used by researchers [1, 2, 3, 4, 5, 6] as a SHM tool. 
These have characteristics of long distance transmission and high sensitivity to both the surface 
and the internal defects. Composite defects create changes in geometric and mechanical boundary 
conditions. So, reflection, scattering and energy attenuation may occur while propagating Lamb 
waves encounter defects from which characteristic parameters are extracted for damage response. 
Active vibration-based method [7, 8, 9] is a classical technique for SHM. Fundamental concept 
behind this method is that structural dynamic characteristics are functions of mass, stiffness and 
damping. Damages induce physical property change that cause detectable differences in vibration 
response. Other techniques include acoustic emission based method, strain based method and 
CVM (Comparative Vacuum Monitoring) method. 
Electrical impedance based monitoring method is being heavily used now-a-days. Research on 
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impedance-based technique [10, 11, 12, 13, 14, 15] is at its peak in recent time. Its main advantages 
include high detection sensitivity, large bandwidth and simple integration [16]. Piezoelectric 
transducers simultaneously perform as actuators and sensors. It is embedded on the structure for 
real time response indicative of the condition of the structure. Its characteristic shows direct 
coupling between electrical impedance and the structural mechanical impedance. The electrical 
impedance or admittance changes according to modification in mass, stiffness or damping 
properties of the host body to which the transducer is attached. 
Plain weave textile composite is utilized in the presented research. Elastic properties of the 
composite are determined using fiber tow properties that is derived via concentric cylinder 
assemblage micromechanics model. Finite element modeling is done using commercial software 
ANSYS APDL to observe electrical admittance variation around natural frequency of the entire 
structure to investigate structure condition. Delamination was studied at first but results show very 
small shift in frequency of the same mode number for healthy and defective structures along with 
same magnitude of admittance. This makes delamination detection via impedance approach not 
feasible. So, investigation was shifted to detection of damage. Damage can be thought of as 
reduction of stiffness in the whole structure. Fair amount of shift in the modal frequency was 
observed with respect to damage level. Modal frequency of the structure decreased as well as 
admittance value lowered with damage increment within the body. 
Pre-preg manufacturing method is carried out to fabricate composite panel from which samples 
are cut for testing according to ASTM standards. Panel is fabricated in such a way that enabled 
45-degree fiber orientation with respect to the longitudinal axis of specimen. This strategy is taken 
to easily incorporate damage into the specimen via tensile test. 45-degree fiber orientation will 
make it easier to create damage compared to the longitudinally aligned fiber sample. Piezo patch 
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is attached to the body and sine sweep voltage is applied to actuate the transducer. It provided 
voltage drop across the resistor that denoted the coupling effect of the patch with the host structure. 
Electrical admittance thus impedance plot expressed response to body deformation actuated by the 
piezoelectric transducer. Results from finite element modeling and experimentation conform with 
each other. Therefore, piezoelectric impedance technique is efficient in detecting damage or 
degradation within composite structure. 
 
1.2 LITERATURE REVIEW 
Significant amount of research has been done on structural health monitoring over the years. All 
of the effort is performed with focusing on developing optimum damage detection techniques. 
Park et al. [17] investigated piezoelectric sensor self-diagnostic process performing in-situ 
monitoring of the operational status of piezoelectric sensors and actuators. The basis of the process 
is tracking changes in capacitive value of piezoelectric materials that shows up in measured 
admittance. Degradation of electro-mechanical properties of the PZT as well as bonding defects 
between a PZT and host structure can be identified. Effects of bonding defects on high frequency 
structural health monitoring techniques are also investigated. Park et al. [18] presented their study 
on impedance-based real-time health monitoring method by applying PZT patches on concrete 
structures. Their findings show assessment of progressive surface damage using both lateral and 
thickness modes of PZT patches which is verified by finite element based analytical study. 
Moreover, multiple (shear and flexural) cracks incurred in reinforced concrete beam under three-
point bend test are monitored via array of PZT patches. Root mean square deviation (RMSD) in 
impedance signatures indicated damage. 
Park et al. [19] carried out experimental analysis on civil structural components via impedance-
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based detection technique. They demonstrated successful observation of impedance method under 
adverse environmental conditions such as temperature variations and ambient loads like impacts 
from external source. Shuai et al. [20] investigated fault location and severity within a structure 
on the basis of piezoelectric impedance technique. Impedance approach high frequency 
actuation/sensing that entertains high sensitivity but the high frequency necessitates high 
dimensionality in model. This causes large number of unknowns which renders trouble in 
identification problems. So, authors devised pre-screening to rank fault locations with estimated 
severity levels based on the relation between sensitivity matrix and admittance change 
measurement. Thereafter Bayesian inference is incorporated to exactly point out fault location and 
intensity with high computational efficiency. 
Giurgiutiu and Rogers [21] developed model of electro-mechanical impedance response of 
damaged composite beam interrogated by a PZT wafer active sensor. Complex electromechanical 
impedance and admittance were deduced from complex stiffness ratio that were determined from 
general expressions for pointwise dynamic stiffness and compliance to in-plane surface excitation. 
Numerical example was provided to illustrate the method and its effectiveness which demonstrated 
direct reflection of structural response from real part of electromechanical impedance and 
admittance. Shifts in response peaks and modification of peak amplitudes were obtained from 
simulated damage and pristine beam. Wang and Tang [22] carried out correlated analytical, 
numerical and experimental investigations to evaluate piezoelectric impedance before and after 
occurrence of structural damage. They introduced spectral element method (SEM) that directly 
extracts elemental property change using impedance curve changes which leads to identification 
of both location and severity of damage. Their method has higher numerical efficiency and 
computational accuracy than finite element analysis. 
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Gresil et al. [23] presented their research on self-sensing wafer sensors to conduct 
electromechanical impedance spectroscopy in glass fiber reinforced polymer composite to perform 
structural health monitoring. Multi-physics based finite element modeling was performed for 
modeling damage models generated on simplified orthotropic structure and laminated glass fiber 
reinforced polymer structures. Modeling effects were investigated through experimental validation 
which showed match for low and high frequencies. Park et al. [16] provided analysis on hardware 
and software issues of impedance based structural health monitoring based on piezoelectric 
materials. Impedance method has several advantages over traditional NDE approaches. It is 
sensitive to incipient damage in structure and unaffected by changes in boundary conditions, 
loading and operational vibrations because of the high frequency range employed. This enables 
autonomous continuous monitoring system as the data acquisition process can be automated and 
requires minimal user interference. Analytical model of structure not required which makes it 
feasible to use on complex structures. 
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CHAPTER 2: PLAIN WEAVE TEXTILE COMPOSITE PROPERTIES 
 
2.1 PLAIN WEAVE TEXTILE COMPOSITE 
Plain weave is one of the three fundamental types of textile weaves. Plain weave composite 
consists of the warp and weft fibers interlaced at every crossing, with the fibers alternatingly 
passing above and below each other which is combined with polymer matrix. The threads that run 
the width of the roll or bolt and perpendicular to the warp threads is called fill or weft threads while 
warp threads run along the length. 
 
 
 
 
 
Figure 2-1: Schematic of layer of plain weave fabric 
 
Plain weave composite elastic properties evaluation requires few co-ordinate systems 
consideration which has been shown in the following figure. Firstly, 1-2-3 coordinate system is 
the material coordinate system in which warp and weft tows are treated as a unidirectional 
composite. Stiffness tensor of each tow is transformed into ply coordinate (xʹ-yʹ-zʹ) and global 
coordinate (x-y-z) based on tensor transformation. Stiffness matrix of fiber tow and matrix are 
assembled into stiffness tensor of a repeated unit cell (RUC) by using assumption of isothermal 
strain. Thereafter, effective mechanical properties of the textile composite were determined. 
MATLAB is used for developing codes for evaluating composite elastic properties. 
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Figure 2-2: Coordinate systems of plain weave composite at different scales 
 
2.2 FIBER TOW PROPERTIES 
Concentric cylinder based micromechanical analysis has been utilized to estimate composite 
elastic properties. Axial properties including axial modulus (E1), axial poisson ratio (ν12) and axial 
shear modulus (G12) have been computed by three phase concentric cylinder model (CCM) [24, 
25, 32]. Composite transverse properties including transverse shear modulus (G23), transverse 
poisson ratio (ν23) and transverse modulus (E2 or E3) are evaluated by generalized self-consistent 
method (GSCM). 
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Figure 2-3: Two phase concentric cylinder model 
 
Fiber Stress: 
  𝜎𝑥
𝑓 = 𝐶11
𝑓 𝜀𝑥
𝑓 + 𝐶12
𝑓 𝜀𝜃
𝑓 + 𝐶12
𝑓 𝜀𝑟
𝑓
 
  𝜎𝜃
𝑓 = 𝐶12
𝑓 𝜀𝑥
𝑓 + 𝐶11
𝑓 𝜀𝜃
𝑓 + 𝐶12
𝑓 𝜀𝑟
𝑓
      (1) 
  𝜎𝑟
𝑓 = 𝐶12
𝑓 𝜀𝑥
𝑓 + 𝐶12
𝑓 𝜀𝜃
𝑓 + 𝐶11
𝑓 𝜀𝑟
𝑓
 
Where, x, θ and r indicates axial, circumferential and radial respectively and σ and ϵ denotes stress 
and strain. 
Matrix Stress: 
  𝜎𝑥
𝑚 = 𝐶11
𝑚𝜀𝑥
𝑚 + 𝐶12
𝑚𝜀𝜃
𝑚 + 𝐶12
𝑚𝜀𝑟
𝑚 
  𝜎𝜃
𝑚 = 𝐶12
𝑚𝜀𝑥
𝑚 + 𝐶11
𝑚𝜀𝜃
𝑚 + 𝐶12
𝑚𝜀𝑟
𝑚      (2) 
  𝜎𝑟
𝑚 = 𝐶12
𝑚𝜀𝑥
𝑚 + 𝐶12
𝑚𝜀𝜃
𝑚 + 𝐶11
𝑚𝜀𝑟
𝑚 
Composite Stress: 
  𝜎𝑥
𝑐 = 𝐶11
𝑐 𝜀𝑥
𝑐 + 𝐶12
𝑐 𝜀𝜃
𝑐 + 𝐶12
𝑐 𝜀𝑟
𝑐 
  𝜎𝜃
𝑐 = 𝐶12
𝑐 𝜀𝑥
𝑐 + 𝐶22
𝑐 𝜀𝜃
𝑐 + 𝐶23
𝑐 𝜀𝑟
𝑐       (3) 
  𝜎𝑟
𝑐 = 𝐶12
𝑐 𝜀𝑥
𝑐 + 𝐶23
𝑐 𝜀𝜃
𝑐 + 𝐶22
𝑐 𝜀𝑟
𝑐 
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Equilibrium equation: 
1. Either axial load or radial stress applied 
2. No shear stress present 
3. Stress and strain independent of axial direction if centered away from ends 
Three equilibrium equations of elasticity theory forms one equation, 
  
𝑑𝜎𝑟
𝑑𝑟
+
𝜎𝑟−𝜎𝜃
𝑟
= 0        (4) 
 
Strain-Displacement relations: 
  𝜖𝑥 =
𝜕𝑢𝑥
𝜕𝑥
 
  𝜖𝜃 =
𝑢𝑟
𝑟
         (5) 
  𝜖𝑟 =
𝑑𝑢𝑟
𝑑𝑟
 
Substituting strains into stress-strain equations and then putting those values in equilibrium 
equation, 
  
𝑑2𝑢𝑟
𝑑𝑟2
+
1
𝑟
𝑑𝑢𝑟
𝑑𝑟
−
𝑢𝑟
𝑟2
= 0        (6) 
Which has solution, 𝑢𝑟(𝑟) = 𝐴𝑟 +
𝐵
𝑟
        (7) 
Fiber:  𝑢𝑟
𝑓(𝑟) = 𝐴𝑓𝑟 +
𝐵𝑓
𝑟
 ; 0 ≤ r ≤ a       (8) 
Matrix: 𝑢𝑟
𝑚(𝑟) = 𝐴𝑚𝑟 +
𝐵𝑚
𝑟
 ; a ≤ r ≤ b 
Axial displacement can be determined by integrating the first equation of equation (6), 
  𝑢𝑥
𝑓(𝑥, 𝑟) = 𝜀𝑥
𝑓𝑥 + 𝑔𝑓(𝑟) ; 0 ≤ r ≤ a      (9) 
  𝑢𝑥
𝑚(𝑥, 𝑟) = 𝜀𝑥
𝑚𝑥 + 𝑔𝑚(𝑟) ; a ≤ r ≤ b 
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Imposed and Boundary Conditions: 
 
First: Displacements at center of fiber, r = 0, must be bounded. 
So, 𝑢𝑟
𝑓(𝑟) = 𝐴𝑓𝑟 +
𝐵𝑓
𝑟
= 0 at r = 0 
Which results, 𝐵𝑓 = 0         (10) 
 
Second: Displacements are continuous at interface between fiber and matrix 
 𝑢𝑟
𝑓(𝑎)= 𝑢𝑟
𝑚(𝑎) resulting 𝐴𝑓𝑎 = 𝐴𝑚𝑎 +
𝐵𝑚
𝑎
     
 𝑢𝑥
𝑓(𝑎)= 𝑢𝑥
𝑚(𝑎) resulting 𝜀𝑥
𝑓𝑥 + 𝑔𝑓(𝑟) =  𝜀𝑥
𝑚𝑥 + 𝑔𝑚(𝑟)  (11) 
These continuity conditions result in, 
 𝜀𝑥
𝑓 = 𝜀𝑥
𝑚 = 𝜀          (12) 
 𝑔𝑓(𝑟) = 𝑔𝑚(𝑟) = 𝑔(𝑟)        (13) 
 
Third: Stress components normal to interface of two materials are continuous at interface 
 𝜎𝑟
𝑓(𝑎) = 𝜎𝑟
𝑚(𝑎)         (14) 
Which results, 
 𝐶12
𝑓 (𝜀𝑥 + 𝐴
𝑓) + 𝐶11
𝑓 𝐴𝑓 = 𝐶12
𝑚𝜀𝑥 + 𝐶12
𝑚 (𝐴𝑚 +
𝐵𝑚
𝑎2
) + 𝐶11
𝑚 (𝐴𝑚 −
𝐵𝑚
𝑎2
)  (15) 
Fiber Strains: 
  𝜀𝑥
𝑓 =
𝜕𝑢𝑥
𝑓
𝜕𝑥
= 𝜀𝑥 
  𝜀𝜃
𝑓 =
𝑢𝑟
𝑓
𝑟
= 𝐴𝑓         (16) 
  𝜀𝑟
𝑓 =
𝑑𝑢𝑟
𝑓
𝑑𝑟
= 𝐴𝑓 
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Fiber Stresses: 
  𝜎𝑥
𝑓 = 𝐶11
𝑓 𝜀𝑥 + 2𝐶12
𝑓 𝐴𝑓 
  𝜎𝜃
𝑓 = 𝐶12
𝑓 𝜀𝑥 + 𝐴
𝑓(𝐶11
𝑓 + 𝐶12
𝑓 )       (17) 
  𝜎𝑟
𝑓 = 𝐶12
𝑓 𝜀𝑥 + 𝐴
𝑓(𝐶11
𝑓 + 𝐶12
𝑓 ) 
Matrix Strains: 
  𝜀𝑥
𝑚 = 𝜀𝑥 
  𝜀𝜃
𝑚 = 𝐴𝑚 +
𝐵𝑚
𝑟2
        (18) 
  𝜀𝑟
𝑚 = 𝐴𝑚 −
𝐵𝑚
𝑟2
 
Matrix Stresses: 
  𝜎𝑥
𝑚 = 𝐶11
𝑚𝜀𝑥 + 2𝐶12
𝑚𝐴𝑚 
  𝜎𝜃
𝑚 = 𝐶12
𝑚(𝜀𝑥 + 𝐴
𝑚 −
𝐵𝑚
𝑟2
) + 𝐶11
𝑚(𝐴𝑚 +
𝐵𝑚
𝑟2
)     (19) 
  𝜎𝑟
𝑚 = 𝐶12
𝑚(𝜀𝑥 + 𝐴
𝑚 +
𝐵𝑚
𝑟2
) + 𝐶11
𝑚(𝐴𝑚 −
𝐵𝑚
𝑟2
) 
 
Axial Modulus (E1) Evaluation: 
Axial load P applied to single material cylinder with resulting axial stress being uniform across 
cross-section 
  𝜎𝑥 =
𝑃
𝜋𝑏2
 
Resulting axial strain given by, 
  𝜀𝑥 =
𝜎𝑥
𝐸1
=
𝑃
𝜋𝑏2𝐸1
 
Strain energy of a given volume is determined by following integration, 
 𝑈 =
1
2
∫(𝜎𝑥𝜀𝑥 + 𝜎𝜃𝜀𝜃 + 𝜎𝑟𝜀𝑟 + 𝜏𝜃𝑟𝛾𝜃𝑟 + 𝜏𝑥𝑟𝛾𝑥𝑟 + 𝜏𝑥𝜃𝛾𝑥𝜃)𝑑𝑉 
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As stress and strain are spatially uniform, strain energy reduces to, 
  𝑈 =
1
2
∫ 𝜎𝑥𝜀𝑥 𝑑𝑉 =
𝑃2
2𝜋𝐸1𝑏2
       (20) 
Where unit length has been assumed 
 
For axial load applied to concentric cylinder, it is assumed that the radial stress is negligible at 
outer edge of matrix, 
  𝜎𝑟
𝑚(𝑏) = 0 
Resulting, 𝐶12
𝑚(𝜀𝑥 + 𝐴
𝑚 +
𝐵𝑚
𝑏2
) + 𝐶11
𝑚 (𝐴𝑚 −
𝐵𝑚
𝑏2
) = 0     (21) 
 
The integrated effect of applied load in fiber, interphase and matrix equals applied axial load P. It 
can be expressed as, 
 ∫ 𝜎𝑥 𝑑𝐴 = ∬ 𝜎𝑥 𝑟𝑑𝑟𝑑𝜃 = 2𝜋 ∫(𝜎𝑥
𝑓 + 𝜎𝑥
𝑚)𝑟𝑑𝑟 = 𝑃 
Which results, 
  
𝑃
𝜋
= (𝐶11
𝑓 𝜀𝑥 + 2𝐶12
𝑓 𝐴𝑓)𝑎2 + (𝐶11
𝑚𝜀𝑥 + 2𝐶12
𝑚𝐴𝑚)(𝑏2 − 𝑎2)    (22) 
 
Strain energy of concentric cylinder is given by, 
 𝑈 =
1
2
∭(𝜎𝑥𝜀𝑥 + 𝜎𝜃𝜀𝜃 + 𝜎𝑟𝜀𝑟)𝑟𝑑𝑟𝑑𝜃𝑑𝑥 
 𝑈 =
1
2
[(∭ (𝜎𝑥
𝑓𝑎
0
𝜀𝑥
𝑓 + 𝜎𝜃
𝑓𝜀𝜃
𝑓 + 𝜎𝑟
𝑓𝜀𝑟
𝑓)) + (∭ (𝜎𝑥
𝑚𝑏
𝑎
𝜀𝑥
𝑚 + 𝜎𝜃
𝑚𝜀𝜃
𝑚 + 𝜎𝑟
𝑚𝜀𝑟
𝑚))]𝑟𝑑𝑟𝑑𝜃𝑑𝑥 
            (23) 
Right hand side of equations (20) and (23) are equalized to obtain E1 
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Elastic Modulus (C11) Evaluation: 
Axial load P applied 
Outer boundary of the cylinder restrained which results, 
  𝑢𝑟(𝑏) = 0 
  𝑢𝑟
𝑚(𝑏) = 𝐴𝑚𝑏 +
𝐵𝑚
𝑏
= 0       (24) 
This gives, 𝜀𝜃 = 0 and 𝜀𝑟 = 0 
Axial stress, 𝜎𝑥 =
𝑃
𝜋𝑏2
 
Axial strain, 𝜀𝑥 =
𝜎𝑥
𝐶11
=
𝑃
𝜋𝑏2𝐶11
        (25) 
 
Two equations of (11), equation (15), (22) and (24) is used for evaluating coefficients 
Strain energy of single material cylinder becomes, 
  𝑈 =
𝑃2
2𝜋𝐶11𝑏2
         (26) 
Equation (23) and (26) are used for determining C11 
 
Plane Strain Bulk Modulus (K23) Evaluation: 
Radial stress applied at outer radius 
Axial strain restrained to zero 
 𝜎𝜃 = 𝜎 and 𝜎𝑟 = 𝜎 
 𝜀𝜃 =
𝜎
𝐶22+𝐶23
 and 𝜀𝑟 =
𝜎
𝐶22+𝐶23
 
Strain energy, 𝑈 =
1
2
∫(𝜎𝑥𝜀𝑥 + 𝜎𝜃𝜀𝜃 + 𝜎𝑟𝜀𝑟)𝑑𝑉 =
𝜋𝑏2𝜎2
2𝐾23
     (27) 
Here, 𝜎𝑟
𝑚(𝑏) = 𝜎 = 𝐶12
𝑚 (𝜀𝑥 + 𝐴𝑚 +
𝐵𝑚
𝑏2
) + 𝐶11
𝑚 (𝐴𝑚 −
𝐵𝑚
𝑏2
)    (28) 
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Two equations of (11), equation (15) and (28) is used for evaluating coefficients. 
Then equation (27) is used for evaluating K23 
 
Axial Poisson Ratio (ν12) Evaluation: 
 We can evaluate ν12 by following equation, 
 𝜈12 =
1
2
(
𝐶11−𝐸1
𝐾23
)
1
2         (29) 
 
Axial Shear Modulus (G12) Evaluation: 
Outer boundaries of concentric cylinders are subjected to displacements to produce overall shear 
strain  
  𝛾12 = 𝛾
°         (30) 
 
On boundary, cylindrical co-ordinates are given by, 
  𝑢𝑥 = 0 
  𝑢𝜃 = −𝛾𝑥 sin 𝜃        (31) 
  𝑢𝑟 = 𝛾𝑥 cos 𝜃 
 
Here, due to simplifications, three components of displacements are, 
  𝑢𝑥
𝑓(𝑥, 𝜃, 𝑟) = (𝐴𝑓𝑟 +
𝐵𝑓
𝑟
) cos 𝜃 
  𝑢𝜃
𝑓(𝑥, 𝜃, 𝑟) = −𝐶𝑓𝑥 sin 𝜃       (32) 
  𝑢𝑟
𝑓(𝑥, 𝜃, 𝑟) = 𝐶𝑓𝑥 cos 𝜃 
  𝑢𝑥
𝑚(𝑥, 𝜃, 𝑟) = (𝐴𝑚𝑟 +
𝐵𝑚
𝑟
) cos 𝜃 
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  𝑢𝜃
𝑚(𝑥, 𝜃, 𝑟) = −𝐶𝑚𝑥 sin 𝜃       (33) 
  𝑢𝑟
𝑚(𝑥, 𝜃, 𝑟) = 𝐶𝑚𝑥 cos 𝜃 
 
Non-zero stresses resulting from these displacements are, 
  𝜏𝑥𝑟
𝑓 = 𝐺12
𝑓 (𝐴𝑓 + 𝐶𝑓 −
𝐵𝑓
𝑟2
) cos 𝜃 
  𝜏𝑥𝜃
𝑓 = −𝐺12
𝑓 (𝐴𝑓𝑟 + 𝐶𝑓 +
𝐵𝑓
𝑟
) sin 𝜃      (34) 
 
  𝜏𝑥𝑟
𝑚 = 𝐺12
𝑚(𝐴𝑚 + 𝐶𝑚 −
𝐵𝑚
𝑟2
) cos 𝜃 
  𝜏𝑥𝜃
𝑚 = −𝐺12
𝑚(𝐴𝑚𝑟 + 𝐶𝑚 +
𝐵𝑚
𝑟
) sin 𝜃      (35) 
 
Where,  𝐺12
𝑓 = 𝐺𝑓, 𝐺12
𝑚 = 𝐺𝑚        (36) 
 
Imposed and Boundary Conditions: 
First: Displacement at center of fiber is zero, 𝐵𝑓 = 0 
 
Second: Three components of displacement must be continuous at fiber-matrix interface 
  𝑢𝑥
𝑓(𝑎) = 𝑢𝑥
𝑚(𝑎) 
  𝑢𝜃
𝑓(𝑎) = 𝑢𝜃
𝑚(𝑎)        (37) 
  𝑢𝑟
𝑓(𝑎) = 𝑢𝑟
𝑚(𝑎) 
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The last two equations of equation (37) provides, 
  𝐶𝑓 = 𝐶𝑚 = 𝐶         (38) 
The first equation of equation (37) provides, 
  𝐴𝑓𝑎 = 𝐴𝑚𝑎 +
𝐵𝑚
𝑎
        (39) 
 
Third: Stress components must be continuous at the interfaces 
  𝜏𝑥𝑟
𝑓 (𝑎) = 𝜏𝑥𝑟
𝑚 (𝑎) 
Which leads, 
  𝐺𝑓(𝐴𝑓 + 𝐶𝑓) = 𝐺𝑚(𝐴𝑚 + 𝐶𝑚 −
𝐵𝑚
𝑎2
)     (40) 
 
Equations (31) and (33) must comply with each other for boundary conditions 
  𝑢𝑥
𝑚(𝑏) = 0 ;  𝑢𝜃
𝑚(𝑏) = −𝛾𝑥 sin 𝜃 ; 𝑢𝑟
𝑚(𝑏) = 𝛾𝑥 cos 𝜃 
Resulting, 𝐴𝑚𝑏 +
𝐵𝑚
𝑏
= 0 
  𝐶𝑚 = 𝐶 = 𝛾         (41) 
 
Fourth: At 𝑟 = 𝑏 𝑎𝑛𝑑 𝜃 = 0, shear stress τxr in the cylindrical coordinate system coincides with 
shear stress τ12 in the rectangular coordinate system which results, 
  𝜏𝑥𝑟 = 𝜏12 = 𝐺
𝑚(𝐴𝑚 + 𝐶 −
𝐵𝑚
𝑏2
)      (42) 
All the constants are determined solving the equations (39), (40) and (41) and these are used in 
equation (42) to calculate τ12. The following relation used for determining G12 
  𝐺12 =
𝜏12
𝛾12
         (43) 
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Transverse Shear Modulus (G23) Evaluation: 
Generalized Self Consistent Method (GSCM) has been used to estimate G23. Christensen and Lo 
[26] proposed this method to solve transverse shear problem. The model consists of three cylinders 
with the outermost cylindrical portion is of equivalent composite for which the elastic properties 
are being evaluated. The main concept is to impose a state of deformation on the cylinders such 
that at large distances from fiber and matrix (𝑟 → ∞), pure shear exists. Eshelby [31] approach 
was utilized where volume integrals replaced with surface integrals around the boundaries of 
cylinders. This is considered as a cylindrical body with inclusion. Stress, strain and displacement 
function forms are derived using stress function approach. 
 
Figure 2-4: Generalized self-consistent model 
 
Airy’s stress function, 
 𝜑𝑖 =
𝑀𝑖
2
𝑏2 ln 𝑟 +
𝑁𝑖
2
𝑟2 + [
𝐴𝑖
2
𝑟2 +
𝐵𝑖
2
𝑟4
𝑏2
+
𝐶𝑖
4
𝑏4
𝑟2
+
𝐷𝑖
4
𝑏2] cos 2𝜃   (44) 
Where i = 1, 2, 3 designates fiber, matrix and equivalent composite respectively. 
Stresses are derived from Airy’s stress function as shown by Timoshenko and Goodier [27] 
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  𝜎𝑟𝑟 =
1
𝑟
𝜕𝜑
𝜕𝑟
+
1
𝑟2
𝜕2𝜑
𝜕𝜃2
 
  𝜎𝜃𝜃 =
𝜕2𝜑
𝜕𝑟2
         (45) 
  𝜎𝑟𝜃 = −
𝜕
𝜕𝑟
(
1
𝑟
𝜕𝜑
𝜕𝜃
) 
As only transverse response is of interest, the model can be reduced to 2D plane strain problem 
with assuming that fiber is infinitely long in longitudinal direction. So, composite stress-strain 
relation becomes, 
 {
𝜎22
𝑐
𝜎33
𝑐
𝜏23
𝑐
} = [
𝐾23
𝑐 + 𝐺23
𝑐 𝐾23
𝑐 − 𝐺23
𝑐 0
𝐾23
𝑐 − 𝐺23
𝑐 𝐾23
𝑐 + 𝐺23
𝑐 0
0 0 𝐺23
𝑐
] {
𝜀22
𝑐
𝜀33
𝑐
𝛾23
𝑐
}     (46) 
 
Strain relation between cartesian and cylindrical coordinate system is, 
 𝜀22 = 𝜀𝑟𝑟𝑐𝑜𝑠
2𝜃 + 𝜀𝜃𝜃𝑠𝑖𝑛
2𝜃 − 𝛾𝑟𝜃 sin 𝜃 cos 𝜃 
 𝜀33 = 𝜀𝑟𝑟𝑠𝑖𝑛
2𝜃 + 𝜀𝜃𝜃𝑐𝑜𝑠
2𝜃 + 𝛾𝑟𝜃 sin 𝜃 cos 𝜃     (47) 
 𝛾23 = 2(𝜀𝑟𝑟 − 𝜀𝜃𝜃) sin 𝜃 cos 𝜃 + 𝛾𝑟𝜃(𝑐𝑜𝑠
2𝜃 − 𝑠𝑖𝑛2𝜃) 
 
Stress relation between cartesian and cylindrical coordinate system is, 
 𝜎𝑟𝑟 = 𝜎22𝑐𝑜𝑠
2𝜃 + 𝜎33𝑠𝑖𝑛
2𝜃 + 2 sin 𝜃 cos 𝜃 𝜎23 
 𝜎𝜃𝜃 = 𝜎22𝑠𝑖𝑛
2𝜃 + 𝜎33𝑐𝑜𝑠
2𝜃 − 2 sin 𝜃 cos 𝜃 𝜎23     (48) 
 𝜎𝑟𝜃 = −𝜎22𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 + 𝜎23(𝑐𝑜𝑠
2𝜃 − 𝑠𝑖𝑛2𝜃) + 𝜎33𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 
 
Strains in cylindrical coordinates are found from the above relations 
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Strain-displacement relations are provided by, 
 𝜀𝑟𝑟 =
𝜕𝑢𝑟
𝜕𝑟
 
 𝜀𝜃𝜃 =
1
𝑟
𝜕𝑢𝜃
𝜕𝜃
+
𝑢𝑟
𝑟
         (49) 
 𝛾𝑟𝜃 =
1
𝑟
𝜕𝑢𝑟
𝜕𝜃
+
𝜕𝑢𝜃
𝜕𝑟
−
𝑢𝜃
𝑟
 
 
Since the displacements should be finite at 𝑟 = 0, stresses must be bounded as 𝑟 → ∞ which 
results, 
 𝐶1 = 𝐷1 = 𝐵3 = 0 
 
Normal stresses (𝜎22
𝑐 = −𝜎33
𝑐 = 𝜎) is achieved in the far field by setting 𝑀𝑖 = 𝑁𝑖 = 0 𝑎𝑛𝑑 𝐴3 =
−𝜎. This results in twelve unknowns - A1, A2, B1, B2, C2, C3, D2, D3 which needs to be determined 
from following continuity equations of traction and displacement of two material interfaces. 
 
 𝜎𝑟𝑟
𝑓 (𝑎) = 𝜎𝑟𝑟
𝑚(𝑎)  ; 𝜎𝑟𝜃
𝑓 (𝑎) = 𝜎𝑟𝜃
𝑚 (𝑎)    (50) 
 𝜎𝑟𝑟
𝑚(𝑏) = 𝜎𝑟𝑟
𝑐 (𝑏)  ; 𝜎𝑟𝜃
𝑚 (𝑏) = 𝜎𝑟𝜃
𝑐 (𝑏) 
 
 𝑢𝑟
𝑓(𝑎) = 𝑢𝑟
𝑚(𝑎)  ; 𝑢𝜃
𝑓(𝑎) = 𝑢𝜃
𝑚(𝑎)    (51) 
 𝑢𝑟
𝑚(𝑏) = 𝑢𝑟
𝑐(𝑏)  ; 𝑢𝜃
𝑚(𝑏) = 𝑢𝜃
𝑐 (𝑏) 
 
Eshelby’s results on strain energy equivalence [30] gives, 
 ∫ [𝜎𝑟𝑟
𝑜 𝑢𝑟 + 𝜎𝑟𝜃
𝑜 𝑢𝜃 − 𝜎𝑟𝑟𝑢𝑟
𝑜 − 𝜎𝑟𝜃𝑢𝜃
𝑜]𝑟=𝑏
2𝜋
0
𝑏 𝑑𝜃 = 0     (52) 
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Where, 
 𝜎𝑟𝑟
𝑜 = 𝜏23 cos 2𝜃 ; 𝜎𝑟𝜃
𝑜 = −𝜏23 sin 2𝜃 
 𝑢𝑟
𝑜 =
𝑟
2𝐺23
𝜏23 cos 2𝜃 ; 𝑢𝜃
𝑜 = −
𝑟
2𝐺23
𝜏23 sin 2𝜃    (53) 
 
E2 and E3 of the composite are equal. It can be evaluated by following equation, 
 𝐸2 = 𝐸3 =
4𝐺23𝐾23
𝐾23+𝜓𝐺23
         (54) 
Where, 
 𝜓 = 1 +
4𝐾23𝜈12
2
𝐸1
         (55) 
 
Equations (50), (51), (52) and (54) are solved to determine G23 and E2 or E3. 
 
Transverse Poisson Ratio (ν23) Evaluation: 
This is evaluated by the following equation, 
 𝜈23 =
𝐾23−𝜓𝐺23
𝐾23+𝜓𝐺23
         (56) 
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2.3 PLAIN WEAVE COMPOSITE PROPERTIES 
Effective elastic properties of the 3D textile composite is determined using an analytical method 
developed based on the method proposed by Quek et al. [33]. Homogenized properties is evaluated 
through the constituent (fiber and matrix) properties, fiber volume fractions of both warp and weft 
tows, tow orientations and volume fraction of each constituent (warp tow, weft tow and matrix). 
The primary assumption of the proposed model is that all the constituents, including fiber tows 
and surrounding matrix, carry same amount of strains during deformation. 
 
2.3.1 Fiber Tow Stiffness in 1-2-3 Coordinate System (Local Coordinates) 
A single tow consists of thousands of individual fibers embedded in a surrounding matrix medium. 
The microstructure of can be represented as a unidirectionally aligned fiber reinforced composite. 
As the fiber tow undulates along its longitudinal direction, each infinitesimal section of a fiber tow 
can be regarded as a unidirectional composite with local coordinates aligned with the tow 
orientation as shown in the following figure. The fiber tow elastic properties are determined in 
terms of fiber and matrix properties is stated in section 2.2. 
 
 
Figure 2-5: Fiber tow represented as unidirectional fiber reinforced composite 
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2.3.2 Stiffness in the xʹ-yʹ-zʹ Coordinate System (Ply Coordinates) 
Each infinitesimal section of an undulating tow makes an angle β with xʹ axis in the xʹ-zʹ plane as 
shown in the following figure. Fiber tow undulation can be measured from the cross sectional 
microscopic images of the specimen. The fiber shape is predicted by this periodic function. 
 
z = A sin (π𝑥′/L) 
 
Therefore, 
tan 𝛽 =  
𝑑𝑧
𝑑𝑥′
=  
𝜋𝐴
𝐿
cos(
𝜋𝑥′
𝐿
) 
?̂? =  cos 𝛽 =  
1
1 +  (tan 𝛽)2
 
?̂? =  sin 𝛽 =  
tan 𝛽
1 +  (tan 𝛽)2
 
 
Here, A = amplitude of undulation = 0.29 mm 
 L = half wavelength of undulation = 10.3 mm 
 
 
Figure 2-6: xʹ-zʹ plane profile of an undulating fiber tow 
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Contribution of undulating tows to the stiffness in the xʹ-zʹ plane is determined by averaging the 
transformed local stiffness over the length of period L as, 
   {𝜎}𝑝𝑙𝑦 =  
1
𝐿
∫ [𝑇1̂]
−1
[𝑄𝑙𝑜𝑐𝑎𝑙][𝑅][𝑇1̂][𝑅]
−1 𝑑𝑥′{𝜀}𝑝𝑙𝑦
𝐿
0
 
   {𝜎}𝑝𝑙𝑦 =  [?̅?]{𝜀}𝑝𝑙𝑦 
  
 
      Here, [𝑇1̂] =       
 
 
 
 
      [𝑅] =  
 
 
Here, [𝑇1̂] = Transformation matrix 
 [𝑅] = Reuter matrix (relates engineering strains to torsional strains) 
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2.3.3 Stiffness in the x-y-z Coordinate System (Global Coordinates) 
The total averaged stress-strain relation in the xʹ-yʹ-zʹ coordinates is transformed to a representation 
in x-y-z coordinate system of the RUC (Representative Unit Cell) through a rotation about the z/zʹ 
axis with an angle θ. Angle θ is used to define the orientation of each ply. For 0/90 layup of plain 
weave composites, θ is 0° for the warp plies and 90° for weft plies. Global stresses are calculated 
as, 
{𝜎}𝑝𝑙𝑦 =  [?̂?1]
−1
[?̅?][𝑅][?̂?1][𝑅]
−1{𝜀}𝑝𝑙𝑦 =  [𝑄]𝑝𝑙𝑦{𝜀}𝑝𝑙𝑦 
 
  
 
          Here, [?̂?1] =  
 
 
 
The stiffness contribution of each ply is assembled while considering respective volume fraction of 
each constituent within the RUC. The effective homogenized stiffness of RUC is computed based 
on the assumption that all constituents carry same amount of strain. Global stiffness matrix of the 
RUC is determined using definition of volume averaged stresses. In the following equations, i 
denotes each constituent. Vi is volume of each constituent and ?̂?𝑖 is volume fraction of each 
constituent. 
      [𝑄𝑅𝑈𝐶] =  ∑ 𝑄𝑖𝑗𝑘𝑙
𝑖𝑁
𝑖=1 ?̂?𝑖  
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[𝑄𝑅𝑈𝐶] = Stiffness tensor of the RUC 
𝑄𝑖𝑗𝑘𝑙
𝑖  = Stiffness tensor of each fiber tows and matrix in the global coordinate 
?̂?𝑖 = Volume fraction of each tows and matrix 
 
Compliance matrix is obtained by inverting the stiffness matrix as, [𝑆𝑅𝑈𝐶] = [𝑄𝑅𝑈𝐶]−1 
 
Effective engineering constants of the RUC based on global compliance matrix through following 
equations, 
 
𝐸𝑥 =
1
𝑆11
𝑅𝑈𝐶   𝐸𝑦 =
1
𝑆22
𝑅𝑈𝐶   𝐸𝑧 =
1
𝑆33
𝑅𝑈𝐶 
𝐺𝑦𝑧 =
1
𝑆44
𝑅𝑈𝐶   𝐺𝑥𝑧 =
1
𝑆55
𝑅𝑈𝐶   𝐺𝑥𝑦 =
1
𝑆66
𝑅𝑈𝐶 
𝜐𝑦𝑧 = −
𝑆12
𝑅𝑈𝐶
𝑆11
𝑅𝑈𝐶   𝜐𝑥𝑧 = −
𝑆13
𝑅𝑈𝐶
𝑆11
𝑅𝑈𝐶   𝜐𝑦𝑧 = −
𝑆23
𝑅𝑈𝐶
𝑆22
𝑅𝑈𝐶 
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CHAPTER 3: PIEZOELECTRIC IMPEDANCE BASED DAMAGE DETECTION 
 
3.1 PIEZOELECTRIC TRANSDUCER CHARACTERISTICS 
Piezo materials act as both actuators and sensors in wide range of applications in aerospace, 
automotive, civil structures, machine tools and medical systems for controlling noise and vibration, 
improve performance and augment stability. The actuator is driven under high electric fields that 
induce strain for reverse piezoelectric effect analysis. Alongside vibration based and wave-
propagation based approaches, piezoelectric impedance method has been studied for structural 
health monitoring [10, 11, 12, 13, 14, 15] primarily because of the advantages of high bandwidth, 
linear characteristics and easy attachment on host body. High electric field application induces 
domain alignment in a manner that polar axes of unit cells are oriented parallel to applied electric 
field. This process is regarded as poling and imparts permanent net polarization to the ceramic. 
Polarized ceramic exhibits direct and reverse piezoelectric effects. 
 
3.2 FORMULATION OF IMPEDANCE METHOD 
Linear piezoelectric equations are stated in two different forms. Most common form is the strain 
tensor form and other is the electric polarization vector. Both are expressed as linear functions of 
electric field vector and stress tensor. The equations are provided below. 
 
𝛆𝐢𝐣 = 𝐄𝐤𝐝𝐤𝐢𝐣 + 𝐜𝐢𝐣𝐤𝐥
′ 𝛔𝐤𝐥 
𝐏𝐢 = ε0𝛋𝐢𝐣𝐄𝐣 + 𝐝𝐢𝐣𝐤𝛔𝐣𝐤 
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𝛆𝐢𝐣 = Strain tensor, 𝐏𝐢 = Electric Polarization Vector, 𝐄𝐤 = Electric Field Vector 
𝐝𝐤𝐢𝐣 = Piezoelectric Strain tensor, 𝐜𝐢𝐣𝐤𝐥
′  = Inverse Elastic tensor, 𝛔𝐤𝐥 = Stress Tensor 
ε0 = Free Space Permittivity, 𝛋𝐢𝐣 = Electric Susceptibility Tensor 
 
Single transducer is embedded on the structure to facilitate impedance/admittance sensing. 
Equations of motion of the transducer-structure integrated system are obtained via finite element 
discretization based upon above constitutive relation [28, 29]. 
 
𝐌?̈? + 𝐂?̇? + 𝐊𝐪 + 𝐊𝟏𝟐Q = 𝟎 
kcQ + 𝐊𝟏𝟐
𝐓 𝐪 = Vin 
 
where, q is structural displacement, Q is electrical charge on surface of piezoelectric transducer, 
M, K and C are mass, stiffness and damping matrices, kc is inverse of capacitance of piezoelectric 
transducer and K12 is the coupling vector between mechanical and electrical responses. Vin is input 
excitation voltage. 
Aforementioned equations can be transferred into frequency domain under harmonic excitation. 
As impedance and admittance are mutually inverse, we use admittance measurement in our 
research. Piezoelectric admittance can be derived by following approach [22]. 
 
Y(ω) =
Q̇
Vin
=
ωi
kc − 𝐊𝟏𝟐
𝐓 (𝐊 − ω2𝐌 + iω𝐂)−1𝐊𝟏𝟐
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Here, ω is voltage excitation frequency and i is imaginary unit. We can observe that piezoelectric 
impedance is coupled with mechanical properties, i.e., mass, stiffness and damping ratio, of the 
host structure. So, structural property change triggers change in admittance which is a function of 
excitation frequency. Generally, frequency sweeping excitation is applied in structural health 
monitoring to obtain admittance value under a series of excitation frequency points. Thus, we 
obtain plot denoting admittance versus frequency. Admittance curve reaches peak values near the 
resonant frequencies of the structure. Admittances are more sensitive to structural faults at resonant 
frequencies and measurements have much higher signal-noise ratio than elsewhere. 
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CHAPTER 4: FAULT DETECTION VIA FINITE ELEMENT ANALYSIS 
 
4.1 DELAMINATION ANALYSIS 
Delamination is one of the primary failure modes in composite structures. It is characterized by 
the separation of adjacent layers in composites which causes significant loss in mechanical 
toughness. So, we conduct simulation of our model utilizing commercial software ANSYS 
Mechanical APDL. The dimensions of the structure are provided below. 
 
Table 4-1: Structure dimensions for finite element analysis 
Length (mm) Width (mm) Depth (mm) 
8.00 22.63 4.20 
 
 
Density of the textile composite is determined using constituent material properties via rule of 
mixture method. Constituents’ properties are given in following table. 
 
Table 4-2: Constituent material properties 
 
Constituent 
Young’s 
modulus, E 
(GPa) 
 
Poisson ratio 
ν 
 
Strength 
(GPa) 
 
Density, ρ 
(kgm-3) 
Carbon Fiber 234.4 0.14 4.275 1790 
Epoxy Matrix 2.8 0.36 0.08 1210 
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Following rule of mixture equation is used for density calculation, 
Density, ρc = ρmvm + ρfvf = 1570 kgm
-3 
where, vm = Volume fraction of matrix = 38% 
 vf = Volume fraction of fiber = 62% 
 
Plain weave composite properties are determined using fiber tow elastic properties. These are 
presented below. 
 
Table 4-3: Elastic properties of fiber tows via micromechanics approach 
Property Value Unit 
E1 151 GPa 
E2 11.12 GPa 
E3 11.12 GPa 
ν12 0.21  
ν13 0.21  
ν23 0.49  
G12 4.65 GPa 
G13 4.65 GPa 
G23 3.70 GPa 
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Table 4-4: Elastic properties of plain weave textile composite 
Property Value Unit 
Ex 51.20 GPa 
Ey 51.20 GPa 
Ez 10.23 GPa 
νxz 0.4354  
νyz 0.4354  
νxy 0.0332  
Gxy 3.27 GPa 
Gxz 3.15 GPa 
Gyz 3.15 GPa 
 
 
Piezoelectric transducer material has density of 7900 kg/m3. The characteristic electrical and 
mechanical properties are provided below. 
 
Table 4-5: Electric relative permittivity at constant stress in units of C/V-m 
EP11 EP22 EP33 
1475 1475 1400 
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Table 4-6: Anisotropic elasticity matrix in compliance form in units of m2/N 
D11 1.152e
-11 
D22 1.152e
-11 
D33 1.066e
-11 
D12 -5.89e
-12 
D13 -2.03e
-12 
D23 -2.03e
-12 
D44 1.52e
-11 
D55 1.52e
-11 
D66 3.481e
-11 
 
 
Table 4-7: Piezoelectric strain matrix in units of m/V 
d31 d32 d33 
-1.4e-10 -1.4e-10 3.2e-10 
 
 
Delamination is created in the model by creating double nodes in the same position. Friction 
coefficient of 0.3 is utilized between the adjacent surfaces in which delamination occur. The 
piezoelectric transducer is placed at 8 mm from fixed edge of the plate and covers the entire width. 
20-node hexahedron element is used to develop the finite element model. Modal analysis is 
conducted to obtain the modal frequencies of the integrated structure. Then harmonic analysis is 
performed by applying frequency sweep of applied voltage of 5 V. Healthy beam gave fourth 
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natural frequency of 1654 Hz from modal analysis. Then delamination is incorporated at two 
places within the structure of 19.2 mm length each and across the entire width. Modal analysis 
result provides fourth modal frequency of 1653.7 Hz for delaminated beam. Admittance values are 
extracted from the analysis have both real and imaginary parts. The shift in admittance peaks 
around corresponding resonant frequencies is pretty small. Comparison of admittance for healthy 
and delaminated beam is presented below. 
 
 
Figure 4-1: Comparison of healthy and delamination affected beam 
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4.2 DAMAGE ANALYSIS 
Damage can be considered as reduction in mass or stiffness of the structure. Therefore, damage 
was modeled by decreasing the elastic properties of the entire structure. Elastic moduli are reduced 
by 10% and 20% of its original value for modeling damage in the body. Modal analysis results 
provide 944.54 Hz, 896.71 Hz and 846.07 Hz resonant frequencies for healthy, 10% and 20% 
damaged beam respectively which represent third modal frequency. We obtain admittance 
measurements from the analysis which is presented below. Figure explicitly indicates fair amount 
of shift in natural frequency with variation in peak admittance values. It denotes that frequency 
gets decreased and peak admittance values get lowered as damage is incorporated and increased. 
 
 
Figure 4-2: Finite element model for damage analysis 
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Figure 4-3: Comparison of healthy and damage affected beam 
 
 
4.3 ELASTIC PROPERTIES OF 45 DEGREE TEXTILE COMPOSITE 
In our research, modeling of the composite structure is done in such a way that the fiber orientation 
is at 45-degree angle with the longitudinal axis of the structural body. This is performed to obtain 
elastic properties of the composite that will be followed in our experimental verification. So, 
tensile and shear tests are carried out in the simulation to extract different elastic and shear moduli. 
Comparison of elastic moduli of original fiber orientation and 45-degree fiber orientation is 
provided below. 
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Table 4-8: Comparison of elastic moduli of original fiber and 45-degree fiber orientation 
Property Analytical (original) FEM (45° angled) Unit 
Ex 51.20 11.60 GPa 
Ey 51.20 11.60 GPa 
Ez 10.23 10.20 GPa 
νxz 0.4354 0.099  
νyz 0.4354 0.099  
νxy 0.0332 0.780  
Gxy 3.27 24.78 GPa 
Gxz 3.15 3.15 GPa 
Gyz 3.15 3.15 GPa 
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CHAPTER 5: EXPERIMENTAL PROCEDURE 
 
5.1 COMPOSITE MANUFACTURING PROCESS 
Pre-preg manufacturing technique is carried out to fabricate composite panel. Pre-preg 
manufacturing is the process in which pre-impregnated fiber sheets are used in manufacturing. 
Prepregs are reinforcement materials that have been pre-impregnated with either a thermoplastic 
or thermoset resin, hence the name prepreg. Thermoset prepregs are produced by saturating a fiber 
reinforcement with a liquid thermoset resin. Excess resin is removed from the reinforcement and 
the resin undergoes a partial curing, changing from a liquid to a pliable solid state. This is known 
as the B-stage. Prepregs in the B-stage require refrigerated storage conditions. The curing process 
is then activated with the application of heat. 
Composite panels are fabricated having dimensions of 4 inch by 8 inch. The layers are cut in such 
a way that it will create 45-degree angle with the longitudinal axis when the lay-up is done for 
manufacturing panel. This strategy is taken to easily incorporate damage into the specimen via 
tensile test. 45-degree fiber orientation will make it easier to create damage compared to the 
longitudinally aligned fiber sample. 20 layers of 8-inch by 4-inch plain weave fabric are cut in 45-
degree angle and stacked up on aluminum mold with peel plies at bottom and top of the stacking. 
This setup is sealed in a vacuum bag and air pumped out of the internal system to create vacuum 
using an oil pump. Then it is placed on a hot plate at 285 °C for 2.5 hours. Curing temperature is 
143 °C but 285 °C was used to compensate for the external heat loss. 
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Figure 5-1: Manufacturing process of composite panel 
 
Fabricated panel is cut into specimens for tensile test by using wet tile saw of model DeWalt 
D24000. Samples are cut into specific dimensions according to ASTM D3039 standard for tensile 
testing of polymer matrix composite materials. Average dimensions of prepared specimen is given 
in table. 
 
Table 5-1: Dimensions of specimen for tensile testing 
Length (mm) Width (mm) Depth (mm) 
200 22.50 4.37 
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Figure 5-2: Specimen for tensile test 
 
 
5.2 TENSILE TEST 
Tensile testing is carried out in accordance with ASTM D3039 that is standard test method for 
tensile properties of polymer matrix composite materials. Instron 5869 with maximum load 
capacity of 50 kN is used for our test. This equipment is electromechanically operated. Loading 
rate of 1 mm/min is applied for extending the specimen. Instron static clip-on extensometer (1 
inch) is utilized to obtain original strain in the gauge length area. The stress-strain graph is obtained 
from accumulated data directly from Instron Bluehill universal software. Young’s modulus is 
determined from the elastic region of the stress-strain plot. The Young’s modulus is found to be 
12.6 GPa and ultimate tensile strength is estimated to be 177 MPa. 
40 
 
 
Figure 5-3: Tensile testing of composite specimen 
 
 
 
Figure 5-4: Stress-strain graph from tensile test 
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Young’s modulus from experiment matches closely with the modulus determined from finite 
element modeling. Thus, our finite element model is validated for specimen mechanical 
characteristics and orientation. 
 
Table 5-2: Comparison of Young’s modulus from finite element model and experiment 
Finite element model Experiment 
11.6 GPa 12.6 GPa 
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5.3 DIGITAL IMAGE CORRELATION (DIC) 
Digital image correlation or DIC technique is performed to visualize and compare the strain 
measurement of extensometer over time. Firstly, white paint is sprayed on one flat surface of the 
specimen to prepare it for DIC test. Then black paint is sprayed to create speckles on white surface. 
These speckles are tracked by the software for measuring the displacement and provide strain. 
Nikon ED AF Micro Nikkor 200 mm lens captured images of the entire tensile test process. These 
images are processed using DaVis software from LaVision. Strain data obtained from 
extensometer and DIC are plotted over time that show similarity. 
 
 
Figure 5-5: Comparison of DIC and extensometer strain over time 
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5.4 DYNAMIC MECHANICAL ANALYSIS (DMA) 
Material damping plays a vital role in vibration-based techniques. Composite material behavior is 
different than an isotropic material because of its anisotropy. So, dynamic mechanical analysis or 
DMA is carried out to evaluate damping properties of the composite. TA Instruments Q800 
dynamic mechanical analyzer is used to perform experiment to characterize damping. The test is 
performed in isothermal condition at room temperature of 28 °C. Strain amplitude of 10 micron is 
applied while doing frequency sweep from 1-200 Hz. The plot provided by the interfaced software 
represents storage modulus, loss modulus and tan δ or damping with respect to frequency. The 
storage modulus is the in-phase component of the modulus while loss modulus is the out-of-phase 
component. The ratio of loss modulus to storage modulus is termed tan delta or damping. Our plot 
shows that damping varies from 0.025 to 0.065 during the frequency sweep. Specimen dimensions 
are provided below. 
 
Table 5-3: Specimen dimensions for DMA 
Length (mm) Width (mm) Depth (mm) 
50 14.15 4.14 
 
Damping ratio can be found from loss factor (tan δ) from the following relation, 
Damping ratio, 𝜁 =
tan 𝛿
2
 
 
Damping ratio for our material is within 0.0125 to 0.0325. This damping ratio is used in simulating 
the ANSYS model. 
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Figure 5-6: Dynamic mechanical analysis of composite specimen 
 
 
5.5 HEALTH MONITORING 
Primary objective of this research is real time health monitoring for identifying internal damage or 
crack in the structure. This is done by making the base line of electrical admittance for healthy 
beam at first. Initially modal test is carried out to obtain the natural frequencies of the structure. 
Composite specimen is attached at one end in the clamp to mimic as cantilever beam. A ring shaped 
highly sensitive ceramic sensor from PCB Piezotronics of model 355B04 with 1-10 kHz frequency 
capacity is placed on the beam opposite to the clamped end. This sensor is connected to Agilent 
35670A signal analyzer to get the output. Dynapulse impulse hammer from Dytran is utilized to 
hit the beam with impulse force to create vibration and capture first three resonant frequencies. 
Output plot on the signal analyzer shows a FFT (Fast Fourier Transform) graph in which abscissa 
related to the peak frequencies represent the modal frequencies of the structure. 
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Table 5-4: Specimen dimensions for health monitoring 
Length (mm) Width (mm) Depth (mm) 
119 22.63 4.20 
 
Damage can be represented as the change in stiffness, mass or damping of the structure. As the 
stress-strain plot shows that 2% strain is beyond the elastic region, so a specimen is put under 
tension till it reaches 2% strain. Thus, the sample incorporates damage within itself which is the 
outcome of plastic deformation. This damaged specimen is analyzed for obtaining the admittance 
plot via health monitoring with similar tests as of the healthy beam. Modal frequency plots for first 
fives modes of both healthy and damaged beam are included in appendix. 
 
 
Figure 5-7: Stress-strain plot for incorporating damage 
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Table 5-5: Modal frequencies comparison for healthy and damaged composite specimen 
Mode No Healthy Beam (Hz) Damaged Beam (Hz) 
1 106 98 
2 740 637 
3 974 915 
4 2360 2280 
5 2750 2714 
 
 
 
 
Figure 5-8: Hammer test setup for modal frequencies 
  
47 
 
5.6 ELECTRICAL ADMITTANCE TEST 
Electrical admittance test is performed to observe peaks around natural frequencies of the entire 
system. A piezo ceramic plate of dimensions 20x15x2.1 mm and resonant frequency range of 1 
MHz from STEMINC is embedded on the specimen surface via epoxy adhesive. The piezo plate 
is attached at 8 mm distance from clamped end. Circuit is created on the breadboard to excite the 
piezo patch with input voltage of 5 V from Agilent 35670A signal analyzer. Output across the 100 
ohm resistor for the sine frequency sweep input of 5 V is then obtained on the analyzer. The linear 
magnitude plot is the frequency response of the input voltage. So, it represents the electrical 
admittance plot as admittance is linearly proportional to output voltage according to the following 
equation. 
𝐘 (𝝎) =
𝑰 (𝝎)
𝑽 (𝝎)
=  
𝑽𝒐𝒖𝒕
𝑹⁄
𝑽𝒊𝒏
 
 
 
Figure 5-9: Circuit setup for health monitoring 
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Figure 5-10: Experimental setup for health monitoring of composite beam 
 
Frequency response data for healthy and damage beam specimen is extracted from the signal 
analyzer and plotted on the same graph for individual modes for comparison. The shift in frequency 
and admittance peaks around modal frequencies of the entire structural system is clearly observed 
from the plots. Frequency shifts to lower side as damage is incorporated into the structure for a 
mode number. Admittance plots provide peaks around the natural frequencies of the system which 
serves our purpose. 
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Figure 5-11: Admittance comparison between healthy and damaged beam for mode one 
 
 
Figure 5-12: Admittance comparison between healthy and damaged beam for mode two 
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Figure 5-13: Admittance comparison between healthy and damaged beam for mode three 
 
 
Figure 5-14: Admittance comparison between healthy and damaged beam for mode four  
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CHAPTER 6: CONCLUSION AND FUTURE SCOPE 
 
6.1 CONCLUSION 
Structural health monitoring has its role to play most in present era. Primary motive of health 
monitoring is detecting and identifying the internal damage location and severity in order to 
restrain further damage or crack propagation. Piezoelectric impedance based monitoring process 
has great scope in engineering sector because it possesses features like high detection sensitivity, 
large bandwidth and easy integration. 
In this study, plain-weave textile composites are utilized to demonstrate the capability of 
piezoelectric transducer. The elastic properties of the composite are determined using the fiber tow 
properties that are derived via the Concentric Cylinder Assemblage micromechanics model. Finite 
element modeling is done in commercial software ANSYS APDL to observe electrical admittance 
variation around natural frequency of the entire structure to investigate structure condition. 
Delamination was studied at first but results show very small shift in frequency of the same mode 
number for healthy and defective structures along with same magnitude of admittance. Fourth 
modal frequency for healthy and delaminated beam are 1654 and 1653.7 Hz. This small shift of 
0.3 Hz of frequency shift makes delamination detection via impedance approach not feasible. So, 
investigation was shifted to detection of damage. Damage can be thought of as reduction of 
stiffness in the whole structure. Fair amount of shift in the modal frequency was observed with 
respect to damage level. Modal analysis results provide 944.54 Hz, 896.71 Hz and 846.07 Hz 
resonant frequencies for healthy, 10% and 20% damaged beam respectively which represent third 
modal frequency. Modal frequency of the structure decreased as well as admittance value lowered 
with damage increment within the body. 
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Pre-preg manufacturing method is carried out to fabricate composite panel from which samples 
are cut for testing according to ASTM standards. Panel is fabricated in such a way that enabled 
45-degree fiber orientation with respect to the longitudinal axis of specimen. This strategy is taken 
to easily incorporate damage into the specimen via tensile test. 45-degree fiber orientation makes 
it easier to create damage compared to the longitudinally aligned fiber sample. Young’s modulus 
of our sample is found to be 12.6 GPa. This is very close to the modulus extracted from finite 
element modeling via using analytically derived material properties which is 11.6 GPa. 
Piezo patch is embedded to the host body. Hammer test provides with the modal frequencies of 
the entire system. Clear amount of shift is observed for natural frequencies related to damaged 
specimen from healthy one. Then sine sweep voltage is applied to actuate the transducer. It 
provided voltage drop across the resistor that denoted the coupling effect of the patch with the host 
structure. Electrical admittance thus impedance plot expressed response to body deformation 
actuated by the piezoelectric transducer. Admittance changes are viewed between healthy and 
damaged structures. Results from finite element modeling and experimentation both provide 
distinctive shift of modal frequencies for damaged beam from healthy specimen. Therefore, 
piezoelectric impedance/admittance technique is efficient in detecting damage or degradation 
within composite structure. 
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6.2 FUTURE SCOPE 
Structural health monitoring is currently in the developing stages that requires more research 
before practical implementation can be done on a regular basis. Our research shows promising 
aspects for electrical impedance or admittance based health monitoring of composite structures. 
Internal damage that cannot be identified by visual inspection can be brought to attention via this 
admittance based technique. Finite element model and experimentation both provided distinctive 
amount of shift in modal frequencies for damaged specimen from healthy condition. Thus, damage 
detection is performed successfully within the composite structure. But there lies a good deal of 
research scope to enhance damage detection method. Identification of damage location and 
severity can be research field of interest for the future. This will assist to pinpoint the damage 
location as well as damage intensity which will contribute in speeding up the repair and reduce 
related cost. 
Further research may be carried out to check on various composite materials as each composite 
has its unique properties and usage area. Various composites are being developed and made 
available for industry. Aerospace, automobiles, sports equipment etc. possess a significant 
utilization of composite materials. These areas have issues of human safety as well as 
entertainment. Therefore, structural health monitoring of various composite structures is of prime 
importance. 
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APPENDIX 
 
 
Figure A-1: Comparison of healthy and damaged specimen for first mode 
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Figure A-2: Comparison of healthy and damaged specimen for second and third modes 
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Figure A-3: Comparison of healthy and damaged specimen for fourth and fifth modes 
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